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We demonstrate that dark matter heating of gas clouds hundreds of parsecs from the Milky
Way Galactic center provides a powerful new test of dark matter interactions. To illustrate, we
set a leading bound on nucleon scattering for 10-100 MeV mass dark matter. We also constrain
millicharged dark matter models, including those proposed to match the recent EDGES 21 cm
absorption anomaly. For Galactic center gas clouds, galactic fields’ magnetic deflection of elec-
tromagnetically charged dark matter is mitigated, because the magnetic fields around the Galactic
center are poloidal, as opposed to being aligned parallel to the Milky Way disk. We discuss prospects
for detecting dark matter using a population of Galactic center gas clouds warmed by dark matter.
I. INTRODUCTION
The nature of dark matter remains a compelling mys-
tery for physicists and astronomers. A detection of non-
gravitational dark matter interactions would have a pro-
found impact on our understanding of cosmology and the
fundamental structure of the universe.
Typical terrestrial searches for dark matter at under-
ground laboratories are sensitive to relatively weak dark
matter interactions with known particles. On the other
hand, above-ground searches are required to find dark
matter which interacts so strongly that it repeatedly scat-
ters with nuclei and electrons during its passage through
the Earth’s atmosphere and crust. If it is moving too
slowly after scattering with an overburden of atmosphere
and crust, dark matter will not deposit enough kinetic
energy in underground detectors to be identified, espe-
cially in the case of sub-GeV mass dark matter, which
begins its voyage with less initial kinetic energy. (For the
case of very heavy dark matter, which can scatter many
times with the Earth and still trigger detectors deep un-
derground, see Ref. [1].) As a consequence, there are a
number of astrophysical [2–5] and above-ground searches
[6–20] that have the best sensitivity to dark matter with
relatively strong interactions.
This article demonstrates that dark matter heating of
gas clouds, located hundreds of parsecs from the Milky
Way Galactic center, can be used as a potent new method
to seek out dark matter’s coupling to known particles. In
the Milky Way halo, dark matter heavier than a keV has
a higher temperature than the coldest atomic gas clouds.
Thus, for a given background dark matter density and
velocity, these cold gas clouds can be used as very sensi-
tive calorimetric detectors of dark matter’s interactions.
Hereafter, we discuss neutral gas cloud cooling, some re-
cent observations of cold gas clouds hundreds of parsecs
from the center of the Milky Way, and use these to bound
dark matter-nucleon interactions along with millicharged
dark matter. We conclude with prospects for detecting
dark matter with a network of cold gas clouds.
II. GALACTIC CENTER GAS CLOUDS AND
DARK MATTER
Dark matter in the Milky Way galactic halo with ve-
locity vx has a temperature
Tx ∼ mxv2x ' 104 K
( mx
MeV
)( vx
10−3
)2
,
which often exceeds the temperature of neutral hydro-
gen gas clouds, which cool to temperatures as low as ten
Kelvin. (Throughout this document we take kB = ~ =
c = 1.) Atomic gas clouds with temperatures in the range
10− 103 K cool via collisional excitation and subsequent
de-excitation of atomic fine structure transitions, where
at low temperatures the fine structure transitions of oxy-
gen, carbon, and iron account for most of the cooling [21].
In this study we will use the gas cloud cooling rates de-
rived in [22]; we have found that for cold gas with hydro-
gen number densities ranging from nH ∼ (0.1−10) cm−3
and temperatures ranging from Tg ∼ (10− 1000) K, the
volumetric cooling rate (V CR) is well approximated by
the function
V CR ' 2× 10−22 GeV
s cm3
( nH
cm−3
)2
× Exp
[
−42.9 Log [Tg/K]−1.4
]
, (1)
where the number density squared term arises from the
rate for inter-atomic collisions in the gas cloud, which
drive the cooling. We stress that this function is only
valid for the temperatures and number densities indi-
cated above.
Since inter-atomic collisions become less frequent at
lower temperatures, the cooling rates of gas clouds de-
crease over time. Therefore, observing a cold gas cloud
sets an upper bound on heating from external sources,
V CR ≥ V SHR+ V DHR, (2)
where we have indicated the volumetric heating rate from
both dark matter (V DHR) and standard gas cloud heat-
ing sources (V SHR) such as cosmic rays and the dust
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Figure 1. Sensitivity is shown for spin-independent dark mat-
ter scattering with nucleons in cold Galactic center gas clouds.
Specifically, gas cloud G1.4-1.8+87 measured in Reference [24]
sets the tightest constraint. We have shown the effect of in-
creasing the gas cloud metallicity to the highest metallicity
observed in a star, [Fe/H] = 0.5, although it is mostly likely
the gas cloud will have solar or sub-solar metal content, result-
ing in a stronger bound, as discussed in the text. Alongside
this bound, we plot representative bounds from dark mat-
ter detectors and cosmology. The dashed line labelled “CMB
scattering” indicates bounds from spectral distortions of the
cosmic microwave background [25–28]; we plot the results
of Reference [26]. Terrestrial detection constraints from the
above-ground run of CRESST-SAPPHIRE [15, 18, 29] and
the XQC Rocket [13, 17] are also indicated. For XQC we plot
the 2% XQC efficiency curve recently discussed in [30]. For
the sake of clarity, we omitted some overlapping bounds for
mx & GeV, including DAMIC [31] and the RRS balloon [6].
grain photoelectric effect [23]. In sections III and IV,
we will set bounds on dark matter interactions with gas
cloud particles, making the assumption that, in order for
the cloud to have cooled, the dark matter heating of the
gas cloud must at least have been less than the cooling
rate V DHR ≤ V CR. Accounting for normal heating
sources leads to stronger bounds on dark matter heating,
V DHR ≤ V CR− V SHR; this is left to future work.
Because for . 103 K gas clouds, cooling occurs mainly
via fine structure transitions of oxygen, carbon, and iron,
the atomic composition of cold gas clouds will affect the
cooling rate. Specifically, the cooling rate will scale lin-
early with metallicity, V CR ∝ 10[Fe/H], where metallicity
is defined as the logarithm of the iron to hydrogen num-
ber density ratio, [Fe/H] ≡ Log10(nFe/nH), normalized
to the metallicity of the sun, [Fe/H]sun ≡ 0. The cooling
rate in Equation (1) and the bounds shown in Sections
III and IV assume a solar metallicity. Note that gas
clouds in the Milky Way typically have a solar metallic-
ity [32], and that rare, higher-than-solar metallicity stars
(the highest observed have [Fe/H] . 0.5 [33]) have only
been found in the central few parsecs of the Milky Way
and in globular clusters. On the other hand, the gas
clouds we consider reside z > 100 pc above the plane of
the Milky Way, where to the contrary, lower-than-solar
metallicity gas clouds have been observed [32, 34]. While
it is plausible that follow-on observations of the Galactic
center gas clouds we discuss in this article will lead to dif-
ferent bounds on light dark matter scattering with nuclei,
we find in Sections III and IV that adjusting gas cloud
metallicity does not change bounds on high mass dark
matter nucleon scattering or millicharged dark matter,
because in these cases increasing the metallicity equally
increases dark matter heating and gas cloud cooling.
Recently, a population of gas clouds near the galactic
were discovered using the Australia Telescope Compact
Array and Green Banks Telescope [24, 35]. Using ex-
tensive observation of their 21 cm emission, these 174
gas clouds have been observed with masses ranging from
∼ 1 − 105 solar masses, cloud radii spanning ∼ 3 − 30
parsecs, and temperatures from ∼ 20−105 K. Initial [24]
and follow-on observations [35] revealed a population of
neutral hydrogen gas clouds with a kinematic distribu-
tion consistent with clouds entrained in a hot wind pro-
duced by star formation in the central molecular zone
(inner ∼ 100 pc) of the Milky Way. Stringent bounds
on dark matter interactions with gas clouds will arise
from the coldest, least dense gas clouds that are closest
to the Galactic center, where dark matter is more abun-
dant. We have found that gas clouds G1.4-1.8+87 and
G359.9+2.5+95 are most sensitive to dark matter scat-
tering; G1.4-1.8+87 is six times colder and so provides
∼200 times greater cross section sensitivity. The mass
M , gas cloud radius rgc, average nucleon number den-
sity nn, temperature Tg, line-of-sight distance from the
Galactic center rlos, and local standard of rest velocity
v0, of the most sensitive cloud which we use in setting
bounds, G1.4-1.8+87, are M = 311 M, rgc = 12 pc,
nn = 0.3 cm
−3, Tg . 22 K, rlos = 332 pc, vg = 87.2 km/s.
III. DARK MATTER-NUCLEON SCATTERING
Dark matter that interacts with nucleons will collide
against and heat atomic nuclei in gas clouds. Scattered
atoms have a mean free path that is small compared to
the gas cloud [36] and so will thermalize efficiently. For
dark matter particles scattering elastically with nuclei in
clouds, the per-nucleus heating rate is
DHR ≈ nxσNxvxEnr, (3)
where nx = ρx/mx is the local number density of dark
matter, Enr ≈ µ2Nxv2x/mN is the average energy trans-
ferred per elastic scattering interaction with dark matter
of mass mx, nuclei of mass mN, and dark matter-nuclear
reduced mass µNx; σNx is the dark matter-nuclear cross-
section. The customary spin-independent per-nucleon
cross-section σnx is defined in terms of σNx as [37]
σNx = A
2F 2A(Enr)
µ2Nx
µ2nx
σnx, (4)
3where A is the number of nucleons per nucleus, µnx is the
dark matter-nucleon reduced mass, and the Helm form
factor is
F 2A(Enr) =
(
3j1(qr)
qr
)2
e−s
2q2 , (5)
where j1 is the Bessel function of the first kind,
q =
√
2mNEnr, r =
√
r2n − 5s2, the nuclear size is
rn = 1.2 A
1/3 fm, and the nuclear skin depth is s ∼ 1 fm.
For bounds on dark matter scattering presented in
Figure 1, we integrate over Boltzmann distributed ve-
locities, accounting for the predicted dark matter ve-
locity at the cloud’s location, v0, and the cloud’s ve-
locity relative to the galactic rest frame, vg. We con-
sider scattering off of the most abundant atomic elements
in the gas cloud, hydrogen, helium, oxygen, and iron,
with mass abundance fractions following solar metallicity,
fA = {fH, fHe, fO, fFe} = {0.73, 0.26, 0.0097, 0.0014}. Al-
together, the bound on per-nucleon scattering presented
in Figure 1 is
σnx <
V CR
nn
[∑
A
fAA
2µ4Nxnx
µ2nxmN
∫
dv3xv
3
xF
2
AB(vx, vesc, y)
]−1
,
(6)
where we sum over atomic elements A, FA is the Helm
form factor given above. The integral over velocities runs
from zero to the dark matter escape velocity vesc ∼ 0.002,
y ≡ cos θ indicates the angle between the dark matter
wind and the gas cloud, and the Boltzmann distribution
is [37]
B =
Exp[− (v2x + v2g + 2vxvgy)]
pi3/2v30
(
Erf
[
vesc
v0
]
− 2vesc
pi1/2v0
Exp
[−v2esc
v20
]) (7)
where this is normalized so that
∫
dv3xB = 1, the dark
matter velocity dispersion is v0 ≈ 6 × 10−4 hundreds of
parsecs from the Milky Way Galactic center [38], and the
gas cloud-Milky Way relative velocity is vg ∼ 90 km/s for
gas cloud G1.4-1.8+87 [24].
Figure 1 shows the effect of increasing the gas cloud
metallicity to [Fe/H] = 0.5. For higher mass dark mat-
ter there is no effect on the bound, since heating occurs
mainly via scattering with iron; heavy nuclei are heated
A5 times faster than hydrogen by high mass dark matter,
c.f. Eqs. (3) and (4). Therefore, increasing cloud metal-
licity equally increases the cloud cooling rate and the
dark matter heating rate, resulting in the same bound.
Dark matter heating of Galactic center gas clouds will
depend on the background dark matter density. How-
ever, because it is located ∼ 400 pc from the Galac-
tic center, the background dark matter density for gas
cloud G1.4-1.8+87 does not depend much on the choice
of dark matter density profile. Using an NFW [39] profile
ρx = ρ0/((r/r0)(1+r/r0)
2) with ρ0 = 0.28 GeV/cm
3 and
with scale radius r0 = 20 kpc, the density of dark matter
at radius rtot .
√
2 rlos ' 450 pc is ρx ∼ 13 GeV/cm3.
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Figure 2. Constraints are shown on millicharged dark mat-
ter scattering with cold Galactic center gas clouds, for dark
matter particles with charge  ≡ Q/e which compose all
(fDM = 1) or one percent (fDM = 0.01) of the dark matter.
The metallicity of the gas cloud does not substantially alter
the result, as explained in Section IV. Galactic center gas
cloud bounds on millicharged particles are likely unaffected
by galactic magnetic fields [41, 42], because magnetic fields
in the Galactic center are oriented towards the edge of the
halo [43, 44], as opposed to being oriented parallel to the disk
of the Milky Way. Parameter space which would explain the
EDGES 21 cm anomaly for fDM = 0.01 is shown with a dotted
grey line, taken from [45] (see also [45–51]). Bounds from su-
pernova 1987a production of millicharged particles [52], from
the SLAC millicharged particle search [53], and from the mil-
licharged particle contribution to the number of relativistic
degrees of freedom in the early universe (Neff) [54] are in-
dicated. For some recently reported experimental results on
millicharged dark matter, see [30, 55, 56]. For additional cos-
mological bounds, which can be sensitive to the millicharged
fraction of dark matter (fDM), see [25, 42, 57, 58].
(We have taken the gas cloud to be a factor of
√
2
further from the Galactic center than its angular dis-
tance [24] to account for possible line-of-sight projec-
tion.) This can be compared to a Burkert [40] profile,
ρx = ρb/((r/rb)(1 + r
2/r2b)) with an rb = 3 kpc core and
density normalization ρb = 14 GeV/cm
3, which implies
a background dark matter density of ρx ∼ 12 GeV/cm3.
We see that the assumption of a very cored dark matter
halo distribution will have a small effect on the bound.
IV. MILLICHARGED DARK MATTER
Dark matter which effectively carries a small electro-
magnetic charge could arise from models where a new
U(1) gauge boson mixes with the photon of the Standard
Model [42, 59–64]. Recently, millicharged dark matter
has been proposed as an explanation of EDGES 21 cm
data [45–51]. Millicharged dark matter has been sought
in astrophysical observations [25, 41, 42, 52, 57, 58] and
experimental searches [30, 53, 55, 56].
4A particle with electromagnetic charge  ≡ Q/e tran-
siting a cold gas cloud will transfer energy to the gas
cloud through a number of processes, chiefly by scatter-
ing with free electrons. The number of free electrons in
a gas cloud with temperature Tg . 100 K will depend
on the abundance of carbon [22], which at low tempera-
tures and for gas cloud densities nn ∼ 10−4 − 100 cm−3
will be either doubly or singly ionized [22, 65, 66] by the
cosmic ultraviolet background [67]. We will conserva-
tively assume that the carbon atoms providing free elec-
trons for scattering are singly-ionized – for the temper-
ature and densities considered here, a portion will actu-
ally be doubly-ionized [22]. Then the number density of
electrons in the gas cloud is the product of the nucleon
number density and the carbon number density fraction,
ne = nnfCmn/mC ∼ 6 × 10−4 × nn. The Bethe formula
[68] gives the resulting energy transfer to the cloud,
dE
dx
=
2pine
2α2em
mev2x
(
ln
[
2µ2exv
2
x/me
λ−2d /(2me)
]
− v2x
)
, (8)
where αem is the fine structure constant, ne,me are
the number density and mass of electrons, vx is the
speed of the charged dark matter particle, and we have
set the infrared cutoff of the Coulomb logarithm to
account for plasma screening using the Debye length,
λd =
√
Tg/(4piαemne). To derive a bound on mil-
licharged dark matter heating a gas cloud with volume
Vc, we equate the total cooling rate of the gas cloud,
V CR×Vc, with the heating expected from the total num-
ber of dark matter particles enclosed in the gas cloud,
nxVc,
V CR ≈
∫
dv3x
2piB(vx)nxne
2α2em
mevx
ln
[
2µ2exv
2
x/me
λ−2d /(2me)
]
,
(9)
where we have divided both sides of this equation by the
gas cloud volume, Vc, and integrate over the Boltzmann
distribution B(vx) given in Eq. (7).
The bound from gas cloud G1.4-1.8+87 on mil-
licharged dark matter  is displayed in Figure 2. Note
that varying gas cloud metallicity does not affect this
result: both the gas cloud cooling rate and the free elec-
tron fraction depend linearly on the carbon content of the
cloud [22, 65, 66]. Increasing cloud metallicity increases
cloud cooling and millicharged dark matter heating by
the same proportion. The carbon ionization fraction of
the gas cloud is less debatable, since for the densities
considered, clouds will be fully ionized at temperatures
Tg . 100 K by the ubiquitous ultraviolet background
[21, 67]. Nevertheless, the bound is also relatively insen-
sitive to ionization fraction: both dark matter heating
and atomic gas cooling increase with ionization [22].
It has been noted that ∼ 10 µGauss magnetic fields in
the Milky Way Galactic disk, may deflect and eventually
evacuate most millicharged dark matter from the Milky
Way disk, for  > 5× 10−13(mx/GeV), since these mag-
netic fields are largely aligned parallel to the disk [41].
However, irregularities in these magnetic fields may still
allow some dark matter to diffuse into the disk [42]. At
the Milky Way Galactic center, for galactic heights in
excess of z & 100 pc, it has been observed that, rather
than being oriented parallel to the Milky Way halo, the
magnetic fields have a poloidal orientation, i.e. the fields
point perpendicular to the Milky Way disk plane [43, 44].
Hence, it appears that most millicharged dark matter
from the Milky Way halo will flow un-deflected into the
region surrounding Galactic center gas clouds.
V. DISCUSSION
We have established Galactic center gas clouds as a
puissant method for finding dark matter interactions
with baryons and electrons. The resulting analysis has
placed leading bounds on 10-100 MeV dark matter scat-
tering with nucleons and on millicharged dark matter for
a wide range of masses.
In future work, it will be interesting to investigate how
the remaining ∼ 173 Galactic center gas clouds can be
utilized to search for dark matter interactions. If dark
matter has substantial enough interactions with cold gas
clouds, this could become evident as a minimum gas
cloud temperature, as a function of gas cloud density,
and separation of the gas cloud from the Galactic center,
where gas clouds at a greater distance from the Galactic
center will be heated by less dark matter. Furthermore,
the bounds and sensitivity of Galactic center gas clouds
presented here can likely be improved, by more carefully
determining the amount of heating from standard heat-
ing processes [36, 66], like heating via photo-ejection of
electrons from interstellar dust. It will also be interesting
to investigate Galactic center gas cloud sensitivity to a
variety of sub-GeV mass dark matter models [69, 70].
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